The typical mixtures of polycyclic aromatic hydrocarbons are established as lung carcinogens, but their exposure and associated risk from different household fuels are less known. Five commonly used household fuels namely firewood, coal, dung cake, kerosene, and liquefied petroleum gas (LPG) were tested for their size-fractionated polycyclic aromatic hydrocarbon (PAHs) emission. A total of sixteen PAHs were analyzed in size fractionated combustion aerosols using HPLC-UV technique. Single box modeling approach is applied to estimate time average B[a]P eq concentration of PAHs in indoor air during cooking time. Incremental lifetime cancer risk (ILCR) of PAH exposure during cooking time was calculated, which was found to have a positively skewed distribution for all types of fuels combustion. The uncertainty and variability of the predicted exposure risk were evaluated using Monte Carlo simulation. The 50 th percentile of risk due to exposure of PAHs emissions during household use of fuels were found to be 6.25 × 10 , 1.14 × 10 -5 , and 3.84 × 10 -6 for firewood, coal, dung cake, kerosene and LPG stove, respectively. The 50 th percentile value of risk indicates the hazard associated with solid biomass combustion is higher than non-solid fuels; the risk associated with LPG stove use is found to be one order of magnitude less compared to other fuels.
INTRODUCTION
The indoor environment is an important determinant of health as humans typically spend 90% of their time indoors. Indoor air pollution attributed to solid fuel combustion products from heating and cooking is a major public health challenge mostly throughout the developing world. Solid fuel consists of coal and various forms of biomass, such as wood, crops, and dung. Biomass is most frequently utilized as domestic fuel in India and Africa, and coal fuel in China are typically used. The use of these fuels in poor and noventilation situations is worrisome as the attributed smoke has been associated with a variety of cancers, the most notable being lung cancer. Indoor emissions from household combustion of coal have been classified as a human carcinogen, whereas biomass combustion emissions have been classified as probably carcinogenic to humans (Hosgood and Lane, 2011; Kang et al., 2011; Chen et al., 2014) .
PAHs are a large group of organic compounds comprised of two or more fused benzene rings arranged in different configurations. PAHs are widespread environmental contaminants formed as a result of incomplete combustion of organic materials such as fossil fuels and biomass, are ubiquitous in the occupational and general environment. The occurrence of PAHs in ambient and indoor air is an increasing concern because of their carcinogenicity and mutagenicity. Although emissions and allowable concentrations of PAHs in air are now regulated, the health risk posed by PAH exposure suggests a continuing need for their control through air quality management. It has well known that several PAHs can produce cancers in experimental animals, and epidemiologic studies of exposed workers, especially in coke ovens and aluminum smelters, have shown clear excesses of lung cancer and highly suggestive excesses of bladder cancer (IARC 1985; Boffetta et al., 1997; Liu et al., 2001; Armstrong et al., 2004; Kima et al., 2013) . PAHs such as benzo [a] pyrene (B[a]P), chrysene, indeno [1,2,3-c,d ] pyrene, and benzo [b] fluoranthene have produced carcinogenic, mutagenic, and genotoxic effects in animal experiments (Thyssen et al., 1981; Somers et al., 2002; Chen and Liao 2006; Wei et al., 2010) . Humans are exposed to PAHs by inhalation, ingestion, and skin contact. The primary sources of exposure to PAHs for most of the population are inhalation of the compounds in tobacco smoke, wood smoke, and ambient air. No studies were located regarding death in humans following inhalation exposure of priority PAHs. However, a dose-related decrease in survival was noted in hamsters after 60 weeks of inhalation exposure to 46.5 mg/m 3 benzo[a]pyrene for 109 weeks (Thyssen et al., 1981) . The interpretation of the studies on cancer risk from PAH exposure in humans is complicated by several factors. Skin, lungs, and bladder cancer in human have been associated with PAHs (IARC, 1983; Boffetta et al., 1997) .
A study of inhalation of ambient PAHs and lung cancer in china reveals, the average B[a]P equivalent concentration as 2.43 (1.29-4.50 as interquartile range) ng/m 3 (Zhang et al., 2009 ). The population weighted B[a]P equivalent was 7.64 (interquartile range; 4.05-14.1) ng/m 3 because of the spatial overlap of the emission and population density. Taking into consideration the variation in exposure concentration, respiration rate, and susceptibility, the overall population attributable fraction (PAF) for lung cancer caused by inhalation exposure to PAHs was 1.6% (interquartile range, 0.91-2.6%), corresponding to an excess annual lung cancer incidence rate of 0.65 × 10 -5 (Zhang et al., 2009) . PAH compositions are varies with particle size fraction (Evans et al., 1990; Maruya et al., 1996 , Lee et al., 2005 so it is important to characterize size fractionated PAHs in combustion aerosols generated from household fuels. In this study lifetime incremental cancer inhalation risk is calculated for PAHs exposure during cooking for different household fuels. Present work consists of experimental results, modeling of various parameter regarding emission, dilution and removal of PAHs from indoor environment due to indoor combustion, and calculation of risk associated with their exposure. Monte Carlo based approach is adopted for risk calculation.
METHODS

Experimental Setup
Firewood, Coal, dung cake, LPG and kerosene (fuel and stove) fuels were purchased locally from Trombay, Mumbai. All solid samples were oven dried to reduce their moisture content at 60°C for one hour prior to experiment. The stoves used for dung cake and firewood were traditional stoves locally named as "chulha" which were made of clay with a U shaped front opening and cylindrical pot hole. The analysis of coal smoke was carried out after emission of visible smoke ceased. Wick or pressure stoves for kerosene fuel and stoves with two gas burners for LPG fuel were used for experimental combustion. The experimental setup for determination of particle size distributions of combustion aerosols is shown in Fig. 1 , it consists of a combustion chamber, mass flow controller, impaction stage and pump. The combustion chamber was designed in three parts A, B, and C. Sampling point was drawn from part C at a height of 0.90 m which is the breathing height in squatting posture. Sampling was forced through part C, for actual emission wall loss factor and sample collection fractions were evaluated. Wall loss factor come to picture due to deposition of combustion aerosol on inner walls of set up, while sample collection fraction was applied because chamber was open from upper side.
Sample Collection and Analysis
Size fractioned combustion aerosols were collected in glass fiber filter paper using a variable configuration cascade impactor (VCCI). The size range (µm) collected from the different stage of cascade impactor were ranges from > 21.3 to < 0.10 µm aerodynamic diameter in total eleven bin. Aerosols consists of three modes: ultrafine mode, accumulation mode (which together with the ultrafine mode form the fine mode), and coarse mode. Ultrafine particles have an aerodynamic diameter (Dp) of less than ca. 0.1 µm; they are emitted from combustion processes and are formed in the atmosphere by homogeneous nucleation. Accumulation mode particles are in the approximate range 0.1 < Dp < 2 µm and are formed by coagulation and condensation. Coarse particles, those larger than ca. 2 µm, are formed through mechanical attrition and disintegration processes, such as the wind-blown suspension of land surface dust and soil.
Fig. 1. Experimental setup for particle size distributions of combustion aerosols part (A) of setup design to contains stove, part (B) was provide a space to combustion aerosol get cool and dilute prior to analysis while part (C) contain sampling point. VCCI is stand for variable configuration cascade impactor.
Coarse particles are mainly deposited in the extrathoracic region, while some inhaled fine particles reach the alveolar region of the lung. In particular, ultrafine particles are deposited at much higher efficiency in the alveolar region than accumulation mode particles (Brown et al., 2000; Kawanaka et al., 2011) . Then size fractioned combustion aerosols were analyzed using HPLC-UV technique for PAHs contents following the ultrasonic extraction. The identification and quantification of PAHs in size fractionated combustion aerosol was performed on a high performance liquid chromatography (HPLC) system (Shimadzu LC-10 AD) with UV-visible detector. The detector wavelength set at 254 nm. The analysis is carried out reverse phase and isocratic mode (Acetonitrile: H 2 O, 85:15), C-18 column (5 µm totally porous Octa decyl silane packing, Merck Germany), 250 mm × 4.6 mm i.d. with a C-18 guard column. Synthetic standard of PAHs were purchased from Supelco Belle-fonte USA. The method was optimized using synthetic standards. The recovery efficiencies were determined by spiking filter paper samples with PAH standard mixture. The mean recovery varied from 82.6% to 93.4%. The efficacy of the extraction process has been evaluated for NIST SRM-1649 urban dust sample and the results obtained were in good agreement with the certified values. For more details on the experiments and analysis were reported elsewhere (Tiwari et al., 2013) .
Calculation of B[a]P Equivalent Concentration
Potency equivalency factors (PEFs) for cancer induction relative to B[a]P were used to convert PAHs concentration in same scale of toxicity. PEFs have been derived only for PAHs with demonstrated carcinogenicity in bioassays. A much larger number of PAHs and PAH derivatives are considered mutagenic or genotoxic and may have limited evidence for carcinogenicity. New cancer bioassay data and possibly structure-activity analysis may indicate that additional PAHs are carcinogenic. Thus, additional PAHs may be identified as potential human carcinogens when such data become available. However, until that time the PEFs proposed for use in risk assessment were estimated only for PAHs currently classified as carcinogens (Collines et al., 1998 
where C i concentration of PAH congener i; TEF i the toxicity equivalency factor (TEF) of PAH congener (Table 1) (Nisbet and LaGoy, 1992; Petry et al., 1996) .
Time Average B[a]P eq Concentration and Exposure during Cooking Hours
Single compartment mass balance model was used to estimate the concentration of PAHs as a function of time during cooking in indoor environment. The change in PAHs concentration with time during cooking can be represented as Eq. (2). In the Eq. (2) right hand side first term represent the source term of PAHs by emission of household combustion and second term the loss of PAHs in indoor air due to air exchange.
where V is volume of kitchen room, α is air exchange rate (min -1 ). Q = E f /E d β, is emission rate (µg/min), and β is stove energy output (MJ/min) of PAHs and different for each fuel. E f is emission factor (mg of pollutant per kg of fuel), E d is energy density of fuel (MJ per kg of fuel). Distributions of kitchen Volumes (V) were based on measurement in Indian homes, which is a lognormal distribution with geometrical mean 30 m 3 and coefficient of variance (COV) 0.5 (Habib et al., 2004) . The air exchange rate α (min -1 ) is also distributed log normally with a geometrical mean of 0.4 min -1 and COV 0.6 (Johnson et al., 2011) . For volume of kitchen (m 3 ) and air exchange rate (min -1 ) random numbers were generated for their use in calculation of C'. Five hundred random numbers were generated using STATGRAPHICS Plus 4.0 (1 e )
Above solution is based upon the following assumptions (i) there are no other sources of PAHs than stove; (ii) only ventilation is responsible for the decrease in concentration of PAHs with time; (iii) the room air is well mixed; (iv) E F is constant during the course of combustion; (v) the fuel burn rate is constant; (vi) All the PAHs emitted is directly released into room (which is the case when the fuel is burnt in a cook stove without use of any flue, hood, or other venting device). Cooking time is another important parameter for calculating exposure and consequent risk of PAHs during cooking hours. The cooking duration (T c ) can be given as following.
where E DC total daily energy required (MJ), and η is stove's thermal efficiency (Johnson et al., 2011) . E dc average energy required for cooking is 11 MJ (Habib et al., 2004) , β is stove power calculated earlier and η is stove's thermal efficiency. Values of thermal efficiency (η) for firewood, coal, dung cake, kerosene, and LPG stoves were taken as 0.25, 0.25, 0.22, 0.55, and 0.6 respectively (Sullivan and Barnes 2006) . The time average PAHs concentration C during combustion can be calculated from the equation:
Daily inhalation of PAHs bounds with combustion aerosols during cooking was calculated using the time average concentration of PAHs.
I is daily intake of PAHs (mg/day) through inhalation of B[a]P eq, IR inhalation rate (m 3 /min), T c is cooking time (min/day), C is average B[a]P eq concentration in kitchen (mg/m 3 ). A Monte Carlo approach was used to incorporate the variability in model parameters, resulting in a predicted distribution of PAHs concentration for different fuels emissions. Multiple simulations of cooking were run, with the inputs randomly selected from their respective probability distribution.
Inhalation Risk Assessment
Monte Carlo Analysis (MCA) is the most widely used probabilistic method of risk assessment. The MCA technique treats any uncertain parameter as random variable that obeys a given probability distribution. This technique is widely used for probabilistic uncertainty. In MCA computer simulations are used to combine multiple probability distributions associated with the risk equation. Thus we get a probabilistic distribution of risk. Inhalation risk due to exposure PAH emitted from different type of household cooking fuels is calculated using following equation.
I CSF EF ED
CSF is cancer slop factor for B[a]P in (mg/kg/day) -1
, EF exposure frequency (day/year), ED exposure duration (year), BW is average body weight (kg), and AT is averaging time (day) (Chen et al., 2006; Xia et al., 2013) . Cancer slop factor (CSF) for B[a]P is taken as log normally distributed with a geometrical mean 3.14 (mg/kg/day) -1 and a geometrical standard deviation 1.80 (Collins et al., 1991) . Exposure frequency (EF) was taken as lognormal distribution LN (252, 1.01) day/year, and the exposure duration (ED) was considered 50 year. Body weight was considered as lognormal distribution LN (49.78, 1.07) and considered for women, because of their high probability of exposure.
RESULTS AND DISCUSSION
Mass size Distribution of Aerosols Generated Household Fuels
The mass percentages emitted in different size fraction (respirable, fine and ultrafine) by the all tested fuels were shown in Fig. 2 . Mass concentrations of combustion aerosols in individual size bin for all tested fuels represented in Table 1 . A general trend was found that most of the mass accumulate in fine fraction size range 0.71 to 1.13 µm. LPG and kerosene stove generated aerosols were found equally distributed in measured size fraction. For firewood, coal, dung cake, kerosene and LPG mass percentages of particles having aerodynamic diameter < 11.2 µm (respirable size) of the total suspended particulate were found to be 76%, 86%, 91%, 84% and 79% respectively which indicates that a major part of smoke mass emitted from the all fuels burning is capable of getting into respiratory tract. The mass percentages of fine particle (< 2.23 µm aerodynamic diameter), which are capable of deep pulmonary infiltration and alveolar deposition, for firewood, coal, dung cake, kerosene and LPG were found to be 66%, 77%, 88%, 57% and 48% of TSP respectively. The contribution of ultrafine particle i.e. particle having aerodynamic diameter < 0.1 µm to the total mass emitted from firewood, coal, dung cake, kerosene and LPG as 10%, 30%, 6%, 10% and 7.7% of the total smoke.
PAHs Emission from Different Kinds of Stoves
Order of total PAHs emission in tested fuels was found as dung cake > firewood > coal > LPG > kerosene. Results are slightly different from a previous study by Raiyani et al. (1993b) found that PAH contents in total suspended particles (TSP) were the highest in wood smoke followed by cattle dung, kerosene, coal "sigri" smoke, and were the lowest in the TSP collected from the LPG-using houses. In ultrafine fraction of the combustion aerosols, firewood generated a large PAHs mass percentage compared to other tested fuels in current study. LPG stove generated minimum PAHs in fine fraction as compared to other tested fuels. Firewood, coal and kerosene emitted most PAHs associated with fine fraction, while PAH content for LPG was found in all size fractions. Solid biomass was found to generate higher molecular weight (Five or more ring) PAHs more compared to non-solid fuels like Kerosene and LPG, while the later are mainly emitting two and three ring member PAHs. The formation of multiple rings PAHs was a function of combustion temperature which may vary with fuel type and methods of combustion. PAH markers for tested fuel can be determined from the data of PAHs contents in different size fraction. PAH emission factor (E f ) were found highest (964 µg/kg) for dung cake, and lowest for LPG (484 µg/kg). For firewood, coal and kerosene burners emission factor mean values were found be 912 µg/kg, 739 µg/kg and 647 µg/kg respectively.
B[a]P Equivalent Concentrations of PAHs
Average th percentile values of lifetime excess cancer risk to inhalation of combustion generated PAHs are represented in Table 3 . The values of 50 th percentile of risk distribution were 6.25 × 10 -5 , 2.99 × 10 -5 , 9.11 × 10 -5 , 1.14 × 10 -5
, and 3.84 × 10 -6 respectively for PAHs exposure during combustion for firewood, coal, dung cake, kerosene and LPG stove in Indian domestic environment. Box and whisker plots for inhalation incremental life time cancer risk due to exposure of PAHs emits from combustion of different household fuels as shown in Fig. 3 . Predicted probability distributions of risk were found positively skewed for all tested fuels. The probability density functions and cumulative density function of risk due to exposure of PAHs for all tested fuels were shown in Fig. 4 .
CONCLUSION
The major portion of aerosols emitted from household combustion are likely to get deposited in human respiratory tract as mass percentages of particles having aerodynamic diameter < 11.2 µm (respirable size) of the total suspended particulate were found to be 76% to 91% for tested fuels. For coal generated combustion aerosol the contribution of ultrafine particle i.e. particle having aerodynamic diameter < 0.1 µm to the total mass emitted as a smoke was found 30% which is highest among all tested fuel, for others fuels this value below 10% of the total TSP. Order of total PAHs emission from tested fuels was found as Dung cake > Firewood > coal > LPG > kerosene. Firewood, coal and kerosene emitted maximum PAHs associated with fine fraction, while PAH content for LPG was found more or less same in all size fractions. Solid biomass generating higher molecular weight (Five or more ring) PAHs compared to non-solid fuel as Kerosene and LPG, while the later are mainly emitting two and three ring member PAHs. For solid biomass fuels cooking time values are low as compare to non-solid fuel because having less stove power and thermal efficiency. The 50 th percentile value of risk indicate hazard associated with solid biomass combustion is higher than non-solid fuels, LPG stove risk is one order of magnitude less compare to other fuels. The results of risk assessment reveal solid biomass fuel as dung cake and fire wood combustion pose a great risk as compare to nonsolid fuel as LPG and kerosene stove for in house cooking. The hazard associated with that may increase when the living and kitchen room is same and ventilation is very low, which was commonly observed in family of low income strata of society.
